. Rapid quantification of viable Legionella in nuclear cooling tower waters using filter cultivation, fluorescent in situ hybridization, and solid phase cytometry. Journal of Applied Microbiology, Wiley, 2015, 118 (5) Legionella microcolonies per liter within 2 days in industrial waters was developed. The 31 method combines a short cultivation step of microcolonies on GVPC agar plate, specific 32 detection of Legionella cells by a fluorescent in situ hybridization (FISH) approach, and a 33 sensitive enumeration using a solid phase cytometer. Following optimization of the 34 cultivation conditions, the qualitative and quantitative performance of the method was 35 assessed and the method was applied to 262 nuclear power plant cooling water samples. 36
Introductionmm, CHEMUNEX® -Biomérieux). Cells hybridization was performed directly on CB04 147 membrane as described in the fixation of cells and whole cells hybridization section. The cells 148 were observed by epifluorescence microscopy. 149
Pre-treatment of environmental water samples before cultivation and hybridization. The 150 environmental water samples were homogenized to disperse the bacterial cells and disrupt 151
aggregates by means of an optimized mechanical treatment prior to the filter cultivation of the 152 microcolonies. The homogenization treatment was performed as follows: 2 g of glass beads 153 (2-3 mm diameter, Dominique Dutscher, Brumath, France) were added to 35 ml of water 154 sample. This sample was then mixed using a vortex and treated with ultrasonic energy for 1 155 min with a Branson sonicator operating at 42 kHz (Fischer Bioblock Scientific, Illkirch, 156
France). This treatment was applied twice. The sample was mixed one final time using a 157 vortex shaker for 1 min, prefiltered on a polycarbonate membrane (3.0 µm pore size, 47 mm 158 diameter, Whatman, Dominique Dutscher), and then heat treated at 50°C for 30 min to slow 159 the development of non Legionella microorganisms during the cultivation time. Five 160 milliliters of the water sample were then filtered on a CB04 polyester membrane and acid 161 treated by placing the CB04 membrane on 200 µl of acid solution (0.2 mol l -1 HCl-KCl 162 buffer, pH 2.0) for 5 min at room temperature. Filter cultivation was then performed. The heat 163 and acid treatments were performed as recommended by the standard method (NF T 90-431). 164
Optimization of cultivation conditions for microcolonies of Legionella. Cultivation time 165
and temperature were tested on the selective GVPC agar plate to define the optimal conditions 166 for growing microcolonies of Legionella on a filter from naturally contaminated cooling water 167 samples. The GVPC selective agar medium [αBCYE, supplemented with 3 g of glycine, 168 100,000 U of polymyxin B, 80 mg of cychloheximide, and 1 mg of vancomycin per liter] 169 (Biomérieux) is most often recommended for Legionella detection (ISO, 1998; CDC, 2005 ; 170 AFNOR, 2014), as it inhibits non Legionella microorganisms, which can be responsible for 171 the lack of recovery of Legionella spp. Two cultivation temperatures, 30 and 37°C, were 172 compared for microcolonies recovery and various incubation times (ranging from 20 to 52 h) 173 were tested. Tests were performed on a naturally contaminated 5 ml water sample following 174 previous pre-treatment (homogenization, heat treatment, filtration of water sample on CB04 175 membrane and acid treatment), as described above. The microcolonies of were hybridized 176 using the protocol described below, and then enumerated with solid phase cytometer. 177 The microcolonies of Legionella spp. were counted using a solid phase cytometer, SPC 196 (ScanRDI TM , CHEMUNEX® -Biomérieux) after: (i) a short cultivation time on a nutritive 197 medium; and (ii) the staining of cells using the FISH assay described above. The membrane 198 was then placed into the SPC's sample holder and on a 25 mm cellulose membrane (support 199 pad, 0.45 µm pore size), which had previously been saturated with 100 µl of washing buffer. were incubated at 37 ± 2°C, and the colonies were counted after 3, 5, and 10 days. The 247 colonies were then examined for fluorescence under a Wood lamp, and those exhibiting 248 Legionella morphology were transferred to an αBCYE medium, an αBCYE medium without 249 cysteine, and a blood agar medium (Biomérieux) as a control. At least five colonies per 250 sample were identified by Legionella-specific immunolatex reagents (Oxoid). According to an 251 AFNOR recommendation for dirty and non filterable waters, Legionella quantifications 252 performed from 500 ml samples of cooling water leads to a limit of detection (LD) of the 253 method of 100 CFU l -1 , and a limit of quantification of 500 CFU l -1 (AFNOR, 2014). 254 Legionella species tested were detected with at least 2 probes (Table S1 ). The specificity of 281 the probe set (consisting of the four probes: Leg705, Leg226, Legall11, and Legall22) was 282 then evaluated for a wide spectrum of bacterial strains obtained from reference collections or 283 isolated from various environments. Thirty-nine Legionella strains and 21 non Legionella 284 strains were used to assess the specificity of the FISH protocol. All the Legionella strains 285 (100%) yielded a strong positive fluorescent signal with the probe set ( Figure S1 ), and no 286 fluorescent signal was generated with the non Legionella strains. No autofluorescent signal 287 (without oligonucleotides) was detected for any of the bacterial strains tested (Table 1) . 288
289
Influence of microcolonies cultivation conditions. The effect of cultivation temperature (30 290 and 37°C) performed on GVPC for the recovery of microcolonies by SPC was tested after 48 291 h of incubation. Analyses were performed on 11 cooling tower water samples collected from 292 3 different industrial sites. The microcolonies were counted by SPC from duplicate water 293 samples, and the results were expressed as the number of Legionella spp. MicFUs per liter. 294
The MicFU concentrations were significantly higher for cultivation at 30°C (signed Wilcoxon 295 test, p =0.015), compared to those measured at 37°C (Figure 1 ). In addition, a few 296 microcolonies were detected in two water samples (g and h, collected from site 2) at 30°C, 297 while none were detected at 37°C. According to these results, the optimal temperature for 298 microcolonies cultivation on GVPC agar is 30°C. A comparison of MicFUs measured at 299 different cultivation times and CFUs enumerated using the standard method is presented in 300 Nevertheless, its application to the detection of active Legionella spp. is currently still limited, 415 because of the absence of highly specific antibodies able to directly target all Legionella 416 species in a complex bacterial community, like those of cooling tower systems. 417
Finding a highly conserved nucleic acid region in Legionella species for its detection using the 418 FISH technique can overcome this problem. The four probes that we selected target four 419 distinct 16S rRNA sequences, which hybridize with targets in the same hybridization 420
conditions. The specificity test performed on a large number of Legionella and non Legionella 421 strains has revealed the high degree of specificity of the FISH technique, which has been 422 extensively applied to the direct detection, identification, and enumeration of specific bacteria 423
in an environmental water sample in combination with a fluorescence detection device. 424
However, the majority of studies using these methods for cell detection in environmental process, viable cells, but also the non viable ones, can be detected by the CARD-FISH 444 technique, providing counts that are similar to those in real-time PCR performed on the total 445 DNA extracted. In addition, in assessing the performance of a rapid trial relative to that of a 446 standard culture method, a major concern is that viability be measured using a widely accepted 447 test in both methods which targets the same physiological function, such as the ability of a cell 448 to grow 449
The microcolony-based method developed in this study offers the following advantages: cell 450 from 20 h to 52 h at 30°C, and standard plate count measured in the same water sample. 13 
Method S1
Quantitative performances of the assay performed for 24h of cultivation time The quantitative performance of the method for enumerating microcolonies of Legionella from cooling tower water samples was evaluated on an artificially contaminated water sample with known log-decimal concentrations of L. pneumophila sg 1 to define the linearity domain, and the detection limit of the method. The water sample was analyzed prior to artificial contamination, and showed an absence of Legionella (equivalent to < 200 Legionella MicFU l -1 ). The quantification was performed on five replicates with a cell density level ranging from 10 2 to 10 7 viable cells added. The microcolonies were enumerated by SPC after 24 h at 30°C. The theoretical counts and the Legionella MicFU counts were linearly correlated with the number of L. pneumophila cells added as the inoculums in a loglog plot for both cultivation times (n = 20, r = 0.656, P = 0.002; Spearman test). Twenty out 30 water samples (66.7%) were positive using the approach for 24 h. For this shorter incubation time, no microcolony was detected for the theoretical cells added at 380 cells l -1 , and MicFUs were detected in 2 replicates of the 5 analyzed for theoretical cells added at 3800 cells l -1 . Consequently, we estimated the linearity domain of the trial method to range between 10 4 and 10 7 MicFU l -1 for the shorter incubation time (24 h). Enumerations were performed by SPC after 24 h of incubation at 30°C on GVPC. The concentration of Legionella spp. measured by the standard culture method was 2.5 10 4 CFUs per liter. The mean concentrations were 1.3 10 3 and 2.1 10 4 Legionella MicFUs per liter after 24 h of cultivation. The repeatability of the trial method was investigated by determining the coefficient of variation (CV) measured from the number of microcolonies detected by SPC from each water sample. The CV was 44.5% for enumeration performed after 24 h of cultivation. The microcolonies of Legionella were enumerated from all the water samples following application of the physical and chemical treatments described previously, and following cultivation performed for 24 h at 30°C on GVPC agar. About 80% of the water samples were positive using the standard culture method (Table A) . Legionella CFU concentrations ranged between 5.10 2 and 8.5 10 5 CFU l -1 . In contrast, 62.7 % of the water samples were positive using the trial method for Legionella enumerated after 24 h. The MicFU concentrations ranged between 6.10 2 and 3.2 10 5 MicFU l -1 . The percentage of water samples for which the results of the two methods are in agreement (MicFU+/CFU+ and MicFU-/CFU-pair results) was 81% (n = 176) for cultivation of microcolonies performed for 24 h. If the results were not in agreement, this was mainly due to the MicFU-/CFU+ pair result for 24 h of cultivation. In total, 217 water samples were analyzed with both methods. The MicFU counts were linearly correlated in a log-log plot, as reported in Figure B (P<0.0001; Pearson test). The counts enumerated after 48 h were significantly higher than those measured for the shorter cultivation time (Wilcoxon signed rank test, P<0.0001 for α=5%). 
